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For the treatment of minimal residual disease in patients 
with leukemias and malignant lymphomas, we constructed a 
heterodimeric diabody specific for human CD 1 9 on B cells 
and CD3c chain of the T cell receptor complex. The bispecific 
diabody was expressed in Escherichia coli using a vector 
containing a dicistronic operon for co-secretion of V H 3-V L I9 
and V H 1 9-V L 3 single-chain Fv fragments (scFv). It was purified 
in one step by immobilized metal affinity chromatography 
(IMAC) from the periplasmic extract and culture medium. 
Flow cytometry experiments revealed specific interactions of 
the diabody with both CD3 and CD 1 9 positive cells, to which 
it bound with affinities close to those of the parental scFvs. It 
was less stable than anti-CD 3 scFv but more stable than 
anti-CD 1 9 scFv when incubated in human serum at 37°C. In 
cytotoxicity tests, the diabody proved to be a potent agent for 
retargeting peripheral blood lymphocytes to lyse tumor cells 
expressing the CD 1 9 antigen. The efficiency of cell lysis 
compared favorably with that obtained with a bispecific 
antibody (BsAb) of the same dual specificity that was pre- 
pared by the quadroma technique. Int. J. Cancer 77:763-772, 
1998. 

© 1998 Wiley-Liss, Inc. 

B cell leukemias and malignant lymphomas represent a heteroge- 
neous group of hematological malignancies occurring in blood, 
lymph nodes and bone marrow, which frequently disseminate 
throughout the body. The most common forms of non-Hodgkin's 
lymphoma (NHL) are derived from the B cell lineage. The 
incidence of NHL (6-17/100,000) continues to increase worldwide 
at about 4% a year. Although NHL can be treated with reasonable 
success at early and intermediate stages, the results of conventional 
chemotherapy and radiation in advanced stages remain disappoint- 
ing. This holds particularly true for the prevalent low-grade 
lymphomas. A fairly large number of patients relapse, and most 
remissions cannot be extended beyond minimal residual disease. In 
this case, high-dose chemotherapy combined with total body 
irradiation together with the support of an autologous bone marrow 
transplantation (BMT) or peripheral blood stem cell transplantation 
(PBSCT) offers an alternative means of curing the disease. 
However, an important issue still to be solved concerns the 
presence of residual tumor cells in the patient that give rise to a 
recurrence of the leukemia or lymphoma. 

To eradicate residual tumor cells, BsAbs have been proposed as a 
means of recruiting cytotoxic T cells for killing tumor cells (Fanger 
et al, 1992). For example, clinical studies have shown tumor 
regression in patients treated with BsAb directed against tumor 
antigens and the CD3 component of the T cell receptor complex, 
respectively (Canevari et al, 1995; Nitta et al, 1990). One of the 
best targets for bispecific antibodies on malignant human B cells is 
CD19 (Grossbard et al, 1992). This antigen is expressed on 
virtually all B-lineage malignancies from acute lymphoblastic 
leukemia (ALL) to NHL. Moreover, it is not shed and is absent 
from hemopoietic stem cells, plasma cells, T cells and other tissues. 
A potential disadvantage is that normal B cells may also be killed 
by CD3 X CD19 BsAb treatment. However, these cells are rapidly 
replaced by differentiation from the stem cell pool. 

Various strategies have been utilized for the creation of BsAbs. 
Heteroconjugates have been produced by chemical cross-linking of 
2 monoclonal antibodies (MAb) (Anderson et al, 1992) or Fab' 
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duced using hybrid hybridoma (quadroma) technology (Bohlen et 
al, 1993; Cs6ka et al, 1996). A major limitation of this procedure 
is the production of inactive antibodies due to the random L-H and 
H-H associations. Only about 15% of the antibody produced by the 
quadroma is of the desired specificity (Milstein and Cuello, 1983). 
The correct BsAb must then be purified in a costly procedure from 
a large quantity of other very similar molecules. A further limitation 
of the quadroma BsAb from rodent cell lines is their immunogenic- 
ity. Repeated doses of rodent antibodies elicit an antiimmunoglobu- 
lin response, referred to as HAMA (human anti-murine antibody). 

Some of the limitations of MAbs as therapeutic agents have 
recently been addressed by genetic engineering (Winter and 
Milstein, 1991) including a few methods for BsAb fragment 
production (Carter et al, 1995). Bispecific F(ab')2 have been 
created either by chemical coupling from Fab' fragments expressed 
in E. coli (Shalaby et al, 1992) or by heterodimerization through 
leucine zippers (Kostelny et al, 1992). Even smaller BsAb 
fragments have been constructed based on scFv: the association of 
V H and V L domains is stabilized by a flexible polypeptide linker 
(Bird et al, 1988). The genetic engineering of 2 scFvs linked with a 
third polypeptide linker, as initially suggested by Huston et al, 
(1991), has now been carried out in several laboratories for the 
production of bispecific single-chain antibody segments (scFv) 2 
with a potential anti-tumor activity (Gruber et al, 1994; Mack et 
al, 1995). 

An alternative BsAb fragment is the scFv heterodimer diabody 
(Holliger et al, 1993). It is formed by the non-covalent association 
of 2 single-chain fusion products consisting of the V H domain from 
one antibody connected by a short linker to the V L domain of 
another antibody (Atwell et al, 1996; Holliger et al, 1996; Zhu et 
al, 1996). The 2 antigen binding domains have been shown by 
crystallographic analysis to be on opposite sides of the complex 
such that they are able to cross-link 2 cells (Perisic et al, 1994). 

Starting with the mRNA of hybridoma cells HD37 (Pezzutto et 
al, 1987) and OKT3 (Kung et al, 1979), we previously con- 
structed recombinant scFv antibody fragments specific for the 
human B cell antigen CD19 (Kipriyanov et al, 1996) and the CD3e 
chain of the human CD3/T cell receptor complex (Kipriyanov et 
al, \991b). Here, we describe the construction and production of a 
bispecific diabody in bacteria with dual specificity for both the 
human B cell antigen CD 19 and CD3/TCR. The diabody has been 
compared with parental scFvs with respect to its stability in human 
serum at 37°C and binding affinity to both CD19-positive human B 
cells and CD3-positive human T cells. In cytotoxic assays, the 
CD3 X CD 19 diabody was able to retarget human PBL to 
malignant B cells. The efficiency of cell lysis compared favorably 
with that obtained with a BsAb of the same dual specificity 
prepared by the quadroma technique. 
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MATERIAL AND METHODS 
Monoclonal antibodies 

The CD3 e-chain-specific hybridoma cell line OKT3 secreting 
an IgG2a MAb (Kung et ai, 1979) was obtained from the ATCC 
(Rockville, MD). The HD37 cell line produces a MAb (IgGO 
reactive with the human CD 19 molecule and has been described in 
detail (Pezzutto et ai, 1987). Monoclonal antibodies were pro- 
duced in a miniPERM bioreactor (Heraeus, Osterode, Germany) 
and purified by affinity chromatography on a Protein-A Sepharose 
CL-4B column (Pharmacia, Uppsala, Sweden). Isolation and 
characterization of hybrid hybridoma OKT3 X HD37 has been 
described (Cs6ka et al t 1996). 

Vector construction 

The E. coli K12 strain XLl-Blue (Stratagene, La Jolla, CA) was 
used as the cloning and expression host. Plasmids pHOG-aCD19 
and pHOG-dmOKT3 encoding the scFv fragments derived from 



hybridoma HD37 specific for human CD19 (Kipriyanov et ai, 
1996) and OKT3 specific for human CD3 (Kipriyanov et ai $ 
19976), respectively, were used for assembly of the diabody to 
create the expression plasmid pKID3 X 19. Briefly, a PCR 
fragment of the V H domain of anti-CD 19 preceded by a BgUl site 
and followed by a segment coding for a LysLeuGlyGly linker was 
generated using the primers DPI, 5 ' -TC AC ACA G AATTCT T 
AGATCTATTAAAGAGGAGAAATTAACC and DP2, 5'-AGCA- 
CAC GATATC ACCGCC AAGCTT GGGTGTTGTTTTGGC (Fig. 1). 
The PCR fragment was digested with EcoRI and EcoRV and Iigated 
with the EcoRI/EcoRV linearized plasmid pHOG-dmOKT3, gener- 
ating the vector pHOG19-3. The PCR fragment of the V L domain 
of anti-CD 19 followed by a segment coding for a c-myc epitope 
and a hexahistidinyl tail was generated using the primers DP3, 
5 ' - AGC AC AC AAGCTTGGCGGTG ATATCTTGCTC ACCC AAA- 
CTCCA plus DP4, 5 '-AGCACAC TCTAGA GACACAC AGATCT - 
TTAGTGATGGTGATGGTGATGTGAGTTTAGG. The PCR frag- 
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Figure 1- Schematic representation of operons encoding anti-CD 19 and anti-CD3 scFvs in plasmid pHOG21 (Kipriyanov et ai, 1997a) 
(a and b t respectively) and dicistronic operon encoding the bispecific anti-human CD3 X CD 19 diabody in plasmid pKID3 X 19 (c). The positions 
of primers and most important restriction sites used for construcung the plasmids are shown. The locations of ribosome binding sites (rbs), pelB 
leader sequences (pelB), c-myc epitopes (c-myc), hexahistidinyl tags (His 6 ) and stop codons (Stop) are indicated. Amino acid sequences of linkers 
connecting V-domains are shown below each drawing. In the linker, amino acids derived from the C H 1 domain are indicated by small letters and 
residues introduced artificially are shown in block letters. 
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ment of the V L domain of anti-CD 19 contained a BglH site near the 
3' end of the coding strand. It was digested with Hindm and Xbal 
and Iigated with the Hindm/Xbal linearized plasmid pHOG- 
dmOKT3, generating the vectors pHOG3-19. The expression 
plasmid pKID3 X 19 for cosecretion of the two hybrid scFvs was 
constructed by ligation of the BglWXbal restriction fragment from 
^pHOG3-19 comprising the vector backbone and the BgYWXbal 
fragment from pHOG19-3. All sequences encoding hybrid scFv 
fragments were verified by the dideoxynucleotide method (Sanger 
etal, 1977). 

ScFv and diabody expression and purification 

Bacterial growth, induction and isolation of periplasmic extracts 
was performed as previously described (Kipriyanov et al, 1996, 
1997a, b). For isolation of anti-CD3 and anti-CD19 scFv, the 
culture supernatant and the soluble periplasmic extract were 
combined and concentrated using Amicon YM10 membranes with 
a 10 kDa cut-off (Amicon, Witten, Germany) followed by thorough 
dialysis against 50 mM Tris-HCl, 1 M NaCl, pH 7.0. the diabody 
was concentrated by ammonium sulfate precipitation (final concen- 
tration 70% of saturation) as recommended (Atwell et al, 1996). 
The protein precipitate was collected by centrifugation (30,000g, 
4°C, 30 min) and dissolved in 1/10 of the initial volume of 50 mM 
Tris-HCl, 1 M NaCl, pH 7.0. Purification was achieved by MAC 
as previously described (Kipriyanov et al, 1997a). The final 
purification of scFv-aCD3 (la = 7.52)andscFv-aCD19(Ia = 6.19) 
was achieved by ion-exchange chromatography on a MonoS 
HR5/5 column (Pharmacia) in 50 mM MES, pH 6.0, or on a 
MonoQ HR5/5 column (Pharmacia) in 20 mM Tris-HCl, pH 8.0, 
respectively, with a linear 0-1 M NaCl gradient. The purified 
antibody preparations were dialyzed against PBS (15 mM Na- 
phosphate, 0.15 M NaCl, pH 7.0). All purification procedures were 
performed at 4°C. For long-time storage, diabody and scFv were 
frozen in the presence of BSA (final concentration 10 mg/ml) or 
10% FCS and stored at -80°C. 

Measurement of protein concentration 

Protein concentrations were determined by the Bradford (1976) 
dye-binding assay, using the Bio-Rad (Munich, Germany) protein 
assay kit. The concentrations of purified diabody, scFv-aCD3 and 
scFv-aCD19 were determined from the A 28 o values using the 
extinction coefficients e lm & ml = 1.89, 1.84 and 1.82, respectively, 
calculated according to Gill and von Hippel (1989). 

SDS-PAGE and size-exclusion chromatography 

SDS-PAGE was performed according to Laemmli (1970) under 
reducing conditions. Western blot analyses using either rabbit 
serum A (Breitling et al, 1991) recognizing the N-terminus of the 
processed antibody fragment (without a pelB leader) or mouse 
MAb 9E10 (IC Chemikalien, Ismaning, Germany) specific for a 
peptide of the c-myc oncoprotein were performed as previously 
described (Kipriyanov et al., 1994). Analytical gel filtration of the 
diabody and scFv preparations was performed in PBS using a 
Superdex 75 HR 10/30 column (Pharmacia). Sample volume and 
flow rate were 200 ul and 0.5 ml/min, respectively. The column was 
calibrated with a low molecular weight gel filtration calibration kit 
(Pharmacia). 

Flow cytometry 

The human CD3 + /CD19" acute T cell leukemia line Jurkat and 
the CD19 + /CD3" B cell line JOK-1 were used for flow cytometry, 
performed as previously described (Kipriyanov et al, 1996). In 
brief, 5 X 10 5 cells in 50 ul RPMI 1640 medium (GIBCO BRL, 
Eggestein, Germany) supplemented with 10% FCS and 0.1% 
sodium azide (referred to as complete medium) were incubated 
with 100 ul of a recombinant antibody preparation for 45 min on 
ice. After washing with complete medium, the cells were incubated 
with 100 ul of 10 pg/ml anti c-myc MAb 9E10 (IC Chemikalien) in 
the same buffer for 45 min on ice. After a second washing cycle, the 
cells were incubated with 100 ul of FTTC-labeled goat anti-mouse 
— IgCi-(GIR g O i TlRfc) 'u i lai ^to^BB me^gndttions-i 



were then washed again and resuspended in 100 ul of 1 ug/ml 
solution of propidium iodide (Sigma, Deisenhofen, Germany) in 
complete medium to exclude dead cells. The relative fluorescence 
of stained cells was measured using a FACScan flow cytometer 
(Becton Dickinson, Mountain View, CA). 

Affinity determination 

Affinities of MAb HD37 (Pezzutto et al, 1987) and scFv- 
aCD19 (Kipriyanov et al, 1996) were determined by cellular R1A. 
Antibody (100 ug) was labeled with 1 mCi [ 125 I]-iodide by the 
chloramine T method (Greenwood et al, 1963). RIA was per- 
formed in a flexible polyvinyl chloride microliter plate blocked 
with PBS containing 0.2% (w/v) gelatin at 4°C overnight. After : 
washing, 10 6 JOK-1 cells in 50 ul PBS containing 0.2% gelatin and j 
5% (v/v) pooled human IgG (Venimmun Behringwerke, Marburg, \ 
Germany) were incubated in triplicate with increasing amounts of 
the radiolabeled antibody preparation for 1 hr at room temperature. 
The plate was washed and aspirated 3 times using PBS/0.2% 
gelatin. The dried plate was sliced, and the radioactivity in 
individual wells was measured using a gamma-counter. Affinity j 
constants were determined by a Scatchard ( 1 949) plot analysis. j ( 

Apparent affinities of diabody and scFv were determined from 
competitive inhibition assays as previously described (Kipriyanov 
et al, 19976). In brief, increasing concentrations of purified 
antibody fragment were added to a subsaturating concentration of 
FITC-labeled MAb OKT3 or HD37 and incubated with Jurkat or 
JOK-1 cells, respectively, as described above for FACScan analy- 
sis. Fluorescence intensities of stained cells were measured as 
described above. Binding affinities were calculated according to 
the following equation derived from that of Schodin and Kranz 
(1993): 

* a <i) = 0 + [FITC-MAb] X tf a(MAb) )/IC 50 

where I is the unlabeled inhibitor (diabody or scFv), [FITC-MAb] 
is the concentration of FTTC-labeled MAb, K a(M Ab) is the binding 
affinity of MAb and IC 50 is the concentration of inhibitor that yields 
50% inhibition of binding. Affinity constant values of 1.2 X 10 9 
M' 1 and 2.5 X 10 9 M" 1 were taken for MAb OKT3 (Adair et al, 
1994) and HD37 (determined by RIA), respectively. 

Analyses of diabody and scFv stability 

The antibody fragments were stored in freshly prepared human 
serum from a healthy donor at 37°C at a concentration 20 ug/ml. At 
given time points, 250 ul aliquots were taken under sterile 
conditions, frozen and kept at -80°C. Activities of samples after 
storage were determined by flow cytometry. 

Preparation and stimulation of effector cells 

Human PBMCs were isolated from the buffy coat of healthy 
donors by Ficoll/Hypaque (Pharmacia) density gradient centrifuga- 
tion. The PBMC interphase was washed twice in PBS and used 
immediately as effector cells. Cultures of PBMC were grown using 
RPMI 1640 (GIBCO BRL) supplemented with 2% heat inactivated 
FCS (GIBCO BRL), 2 mM glutamine, 1 mM pyruvate and 0.05 
mM 2-ME. To obtain CTLs, PBMCs were cultured at a concentra- 
tion of 2 X 10 6 ml in medium containing anti-CD3 MAb OKT3 
(5 Mg/ml) and recombinant human IL-2 (20 U/ml) (EuroCetus, 
Amsterdam, The Netherlands). After 4 days, the cells were washed 
twice to remove remaining antibody and cultured overnight in 
medium alone. The cytotoxicity assay was performed on day 5. 

Cytotoxicity assay 

The CD19-expressing Burkitt's lymphoma cell lines Raji and 
Namalwa were used as target cells. Cells were cultured in RPMI 
1640 (GIBCO BRL) supplemented with 10% heat inactivated FCS 
(GIBCO BRL), 2 mM glutamine and 1 mM pyruvate at 37°C in a 
humidified atmosphere containing 7.5% C0 2 . The cytotoxic T cell 
assays were carried out in RPMI 1640 medium supplemented with 
10% FCS, 10 mM HEPES, 2 mM glutamine, 1 mM pyruvate and 
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[ 51 Cr]-release assay; 2 X 10 6 target cells were labeled with 200 uCi 
Na[ 5l Cr]0 4 (Amersham-Buchler, Braunschweig, Germany) fol- 
lowed by 4 washing cycles and resuspended in medium at a 
concentration 2 X lOVml. Effector cells were adjusted to a 
concentration of 5 X 10 6 ml. Increasing amounts of CTLs in 100 ul 
were titrated to 10 4 target cells/well in 50 ul. Antibodies (50 ul) 
were added to each well. The whole assay was set up in triplicate 
and incubated for 4 hr at 37°C. Supernatant (100 ul) was harvested 
and assayed for [ 51 Cr] release in a gamma-counter (Cobra Auto 
Gamma; Canberra Packard, Dreieich, Germany). Maximum re- 
lease was determined by incubating the target cells in 10% SDS, 
and spontaneous release was determined by incubating the cells in 
medium alone. Specific lysis (%) was calculated as: (experimental 
release - spontaneous release)/(maximal release - spontaneous re- 
lease) X 100. 



RESULTS 
Diabody design and construction 

Single-chain Fv fragments derived from the hybridomas HD37 
(Pezzutto et aL, 1987) and OKT3 (Kung et aL, 1979) were used for 
creating a bispecific CD3 X CD 19 diabody. A significant increase 
in the stability of the OKT3 anti-CD3 scFv was achieved by 
substituting a serine for cysteine in position 100A of the V H domain 
(Kipriyanov et aL, 1997&). The C-terminus of a V H domain was 
connected to the N-terminus of a V L domain of another specificity 
using a short rigid linker to restrict intra-chain pairing of V H and 
V L . The linker design was based on our strategy of cloning 
antibody V H domains using an anti-sense primer complementary to 
the 5'-region of the y chain C H 1 domain gene (Kipriyanov et aL, 
1996, 19976). Seven amino acids introduced by this primer formed 
a major part of the linker (Fig. 1). The plasmid pKID3 X 19 was 
constructed to express the CD3 X CD 19 diabody by co-secretion of 
the 2 hybrid scFvs V H 3-V L 19 and V H 19-V L 3 from a dicistronic 
operon (Fig. 1). The operon is under the transcriptional control of 
the wt lac promoter/operator, which is inducible with IPTG. Each 
hybrid scFv is preceded by a pelB leader sequence to direct 
secretion to the periplasmic space of E. coli. Both hybrid scFv 
genes are followed by nucleotide sequences coding for a c-myc tag 
for immunodetection and a hexahistidinyl tail for purification of 
recombinant product using IMAC (Fig. 1). 

Diabody expression and purification 

The CD3 X CD19 diabody was secreted from E. coli ceils 
transformed with the pKID3 X 19 plasmid. Relatively equal 
amounts of soluble hybrid scFv V H 3-V L 19 and V H 19-V L 3 were 
detected in crude periplasmic extracts by Western blot analysis 
using either MAb 9E10 specific to the C-terminal c-myc epitope or 
by serum A specific for the N-terminus of processed (without pelB 
leader) antibody fragment (data not shown). FACScan analyses of 
crude periplasmic extracts demonstrated that the diabody produced 
by bacteria specifically interacted with both CD3-positive Jurkat 
cells and CD19-positive JOK-1 cells. In contrast, neither hybrid 
scFv alone bound these cell lines (data not shown). 

To obtain higher yields of soluble antibody fragments, we added 
0.4 M sucrose to bacterial cells that had been induced with IPTG. 
We have shown that under these conditions the yield of soluble 
scFv can be increased up to 150-fold (Kipriyanov et aL, 1997a). 
The diabody was found to accumulate in the E. coli periplasm and 
was also released into the culture medium (data not shown). After 
concentrating by ammonium sulfate precipitation and purification 
by IMAC, yields of 2.0-2.5 mg/1 with a purity greater than 95% 
were achieved (Fig. 2a). In contrast, ammonium sulfate was shown 
to be rather ineffective for precipitating monospecific anti-CD 19 
and anti-CD3 single chain Fv fragments that were isolated in 
parallel. Much higher yields of the purified scFv antibody frag- 
ments were obtained by concentrating by ultrafiltration prior to 
IMAC (data not shown). 



Analyses of diabody and scFv by SDS-PAGE 
and size-exclusion FPLC 

Purified antibody fragments were analyzed by electrophoresis on 
12% SDS polyacrylamide gels. Under these conditions, the di- 
abody was resolved into 2 protein bands corresponding to the 
calculated M r of 28,900 for scFv V H 19-V L 3 and 29,300 for scFvs 
V H 3-V L 19 (Fig. la). Anti-CD3 and anti-CD19 scFvs appeared as 
single bands (calculated M r are 29,800 and 30,400, respectively). 

An analysis of antibody fragments by gel-filtration on a Super- 
dex 75 column is shown in Figure 2b. The scFv-aCD3 consisted 
only of monomers, the scFv-aCD19 of monomers, dimers and a 
multimeric form and the bispecific diabody only of dimers. The 
apparent m.w. of the diabody deduced from its chromatographic 
mobility was lower than its actual m.w., reflecting its compact 
structure (Perisic et aL, 1994). 

Antigen binding specificity and affinity of diabody and scFv 

Flow cytometry experiments demonstrated a specific interaction 
of the diabody with both human CD 19-positive JOK-1 and 
CD3 -positive Jurkat cells. The fluorescence intensities were fairly 
comparable to those obtained using the parental monospecific 
scFvs at similar concentrations (Fig. 3). 

The CD 19 and CD3 binding affinities of the diabody were 
estimated by competitive binding to human JOK-1 and Jurkat cells 
in the presence of either FITC-labeled MAb HD37 (anti-CD 19) or 
OKT3 (anti-CD3). The IC 50 value of diabody competing with 
FITC-OKT3 for binding T-cells was similar to that of scFv-aCD3 
(Fig. 4b; Table I). In contrast, scFv anti-CD 19 competed with 
FITC-HD37 more effectively than the bispecific diabody (Fig. 4a), 
probably because a significant amount of this scFv fragment was in 
a dimeric and multimeric form (Fig. 2b). Direct affinity measure- 
ments of radio-iodinated anti-CD 19 MAb HD37 and scFv demon- 
strated that both have very similar affinity constants in the 
sub-nanomolar range (Table I), reflecting the bivalent nature of the 
scFv anti-CD 19. 

Table I summarizes the results of affinity measurements. The 
similarity in affinities of the bispecific diabody with the parental 
scFvs suggests that all the non-covalent heterodimers (diabody) are 
correctly formed by specific V H -V L interactions. The affinity of the 
diabody for CD 19-positive target B cells was 10-fold higher than 
its affinity for CD3 positive effector T cells. 

Stability of bispecific diabody in human serum 

One might expect that the bispecific diabody would be rather 
labile, as it was formed by non-covalent interactions of 2 hybrid 
scFv molecules. We therefore investigated the stability of the 
diabody and both parental anti-CD3 and anti-CD 19 scFvs when 
stored at a fairly low concentration in human serum at 37°C for 
prolonged periods of time. A concentration of 20 ug/ml was chosen 
to avoid the fluorescence plateau in FACSscan analysis (Kipriya- 
nov et aL, 1991b). The residual antigen binding activity was 
estimated by flow cytometry. We found that the anti-CD3 scFv, 
which retained 70% of activity after 5 days of incubation, appeared 
to be significantly more stable than anti-CD 19 scFv, which lost 
50% of its activity after 36 hr of incubation and 95% after 4 days 
(Fig. 5). The diabody had an intermediate stability. It was less 
stable than the anti-CD3 scFv but slightly more stable than the 
anti-CD 19 scFv (Fig. 5). The loss of both CD3 and CD 19 binding 
had similar time kinetics, indicating an interdependent denaturation 
of the 2 binding domains. 

Induction of specific cytotoxicity by diabody 

The ability of the bispecific diabody to induce tumor cell lysis by 
redirecting T cell-mediated cytotoxicity was investigated using 
PBMC from healthy donors as effector cells. After stimulating with 
soluble MAb OKT3 and IL-2 for 4 days, the cells were washed to 
remove remaining antibody and cultured in medium alone over- 
night. Human B cell lines Raji and Namalwa expressing CD 19 
were used as target cells. The effect of the bispecific diabody was 
measured using a standard [ 51 Cr] -release assay with increasing 
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Figure 2 - 

gel was stained \ - ■ , , 

volume and flow rate were 200 ul and 0.5 ml/min, respectively. Molecular masses were calibrated with BSA (67 kDa), ovalbumin (43 kDa), 
chymotrypsinogen A (25 kDa) and ribonuclease A (13.7 kDa). 



effector to target cell ratios. A mixture of both parental scFv 
fragments (anti-CD3 and anti-CD 19) served as a negative control 
for determining the background lysis. Although the observed 
background lysis was different in different experiments, the 
diabody appeared to be quite potent in retargeting activated PBMC 
to lyse both target cell lines in a concentration-dependent manner 
(Fig. 6). 

The CD3 X CD19 diabody was compared with a BsAb of the 
same specificity isolated from a hybrid-hybridoma OKT3 X HD37 
(Cs6ka et ai, 1996). Bispecific diabody proved to be 10-fold more 
potent over the BsAb on a weight basis (3-fold on a molar basis) 
(Fig. 6a). Moreover, the increased cytotoxicity of the diabody was 
independent of the effectontarget ratio (Fig. 6). 

DISCUSSION 

The 95 kDa CD 19 antigen represents the broadest lineage- 
specific marker expressed on human B cells: it is present on the 
surface of virtually all B lymphocytes, including early B progenitor 
cells. CD 19 is lost during the terminal stages of B cell differentia- 
tion but is exposed on the vast majority of B cell tumors (Uckun 
and Ledbetter, 1988). We therefore chose this antigen as the target 
molecule for BsAb-mediated cytotoxicity and constructed an 
anti-human CD19 scFv (Kipriyanov etal, 1996). 

Although different BsAb cross-linking NK cells (De Palazzo et 
al, 1992) or activated neutrophils (Michon et al, 1995) to tumor 
!^QllflJm ¥ oJaoon.dg aeabe& ^&<» Q st effcrtivp . approach fnr mmnr 



rejection appears to be targeting via the CD3 molecule on cytotoxic 
T cells. The feasibility and effectiveness of this immunotherapeutic 
concept has been studied extensively in pre-clinical models, as well 
as in phase I clinical trials (Bolhuis et ai, 1996). 

For the generation of a bispecific antibody suitable for therapy of 
human B cell malignancies, we aimed to construct a small 
recombinant molecule with dual specificity for both the human B 
cell surface antigen CD 19 and the signal-transducing CD3e chain 
of the human TCR/CD3 complex. Although numerous anti-human 
CD3 MAbs have been used to study the T cell activation 
(Schwinzer et al t 1992) and to create BsAb either by chemical 
conjugation (Anderson et al, 1992; Nitta et ai, 1990) or by the 
quadroma technique (Bohlen et ai, 1993; Jacobs et al, 1997), only 
2 different anti -human CD3 antibody fragments have been used to 
date for the creation of recombinant BsAb. Variable domains 
derived from the hybridoma TR66 were used for constructing 
CD4-FvCD3 bispecific single chain molecules Janusins (Trau- 
necker et al, 1991 ) and later for the creation of (scFv) 2 specific for 
both the epithelial 17-1 A antigen and human CD3 (Mack et al, 
1995). In the second case, humanized V domains originally derived 
from the murine hybridoma UCHT1 were used for constructing 
anti-CD3/anti-pl85 HER2 F(ab') 2 (Shalaby et ai, 1992) and a 
diabody (Zhu et ai, 1996). For constructing the BsAb described 
here, we used an scFv gene derived from the well-known hybrid- 
oma OKT3, which had been modified to improve its stability and 
foldin fliiLhacteria (Kip ri yanov et ai. WlhY 
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Figure 3 - Flow cytometric analysis of scFv and diabody binding to CD19+/CD3" JOK-1 cells and CD3+/CD19" Jurkat cells. As a negative 
control, the binding of an irrelevant scFv was used. 
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Figure 4- Analyses of apparent affinities by flow cytometry. Inhibition of binding of FTTC-labeled MAbs HD37 to JOK-1 cells (a) and 
inhibition of binding of FITC-labeled MAbs OKT3 to Jurkat cells (b) in the presence of MAb OKT3, scFv-aCD19, scFv-aCD3 and bispecific 
diabody are shown. 



TABLE I - AFFINITIES OF MAb AND ANTIBODY FRAGMENTS 



Antibody 


IC^tnM) 


*.(M-')' 


*.(M-') 2 


JOK-1 cells 








MAb HD37 


n.d. 3 


n.d. 


2.5 X 10 9 


scFv-aCD19 


24.0 


9.7 X 10 8 


2.9 X 10 9 


Diabody 


48.8 


4.8 X 10 8 


n.d. 


Jurkat cells 








MAb OKT3 


1.3 


7.7 X 10 8 


n.d. 


scFv-aCD3 


222.2 


4.5 X 10 7 


n.d. 


Diabody 


156.0 


6.4 X 10 7 


n.d. 



'Affinities determined from inhibition experiments.- 2 Affinities deter- 
mined from Scatchard plots.- 3 Not determined. 



Initial attempts to produce bispecific CD3 X CD 19 (scFv) 2 
molecules, as recommended by Gruber et al (1994), were unsatis- 
factory because of the small yields and low anti-CD3 activity (data 
not shown). We therefore constructed a more rigid cross-over scFv 
dimer (diabody). This construct has been shown to have 2 
antigen-binding sites at opposite ends of the molecule, separated 
by 65 A, which is sufficient to span the distance between 2 cells 
(Holliger et al, 1996; Perisic et al, 1994). The CD3 X CD19 
diabody was produced by bacteria in a soluble functional form and 
could be retrieved from periplasmic extracts and culture medium in 
one step with a yield comparable to those obtained for parental 
scFv fragments. 

Structurally, the isolated diabody was a stable compact dimer 
with an apparent m.w. around 50 kDa. Theoretically, the co- 



secretion of two hybrid scFv fragments may give rise to 2 types of 
dimer: active heterodimers and likely inactive homodimers. Affin- 
sttr^ents^dk^ted^that^ierdiabo^^ 



completely, in the active heterodimeric form. It bound to human 
CD3 with an affinity indistinguishable from that of the parental 
scFv-aCD3 and to human CD 19 with an affinity about one half that 
of scFv-aCD19. This latter scFv has been shown to have a very 
high affinity in the subnanomolar range, similar to that of the 
parental MAb. Size-exclusion chromatography demonstrated that a 
significant part of this scFv was present in the form of non-covalent 
dimers and even higher oligomers, probably resulting in an 
enhanced affinity due to the increased avidity. In contrast, the CD 19 
binding domain of the diabody is only monomelic. 

The higher affinity of the anti-CD 19 moiety resulted in an almost 
10-fold stronger binding of the diabody to the surface of target B 
cells than to the surface of T cells. Strong binding to a target tumor 
cell and weaker binding to an effector cell may have certain 
advantages for cancer therapy. For example, experiments in vitro 
demonstrated that the cytotoxic potential of recombinant BsAb 
does not depend on the affinity of its CD3 -binding domain (Zhu 
and Carter, 1995). Furthermore, in a model of TCR serial triggering 
(Valitutti et al, 1995), a high off-rate of the TCR is essential since it 
allows a single peptide-MHC complex to engage many TCRs in 
successive rounds of ligation, triggering and dissociation. There- 
fore, a higher affinity could result in less stimulation because the 
lower off-rate may prevent TCR reusage. A similar situation may 
also be present in the case of the surrogate antigenic stimulation of 
T cells through the anti-CD3 part of BsAb. For example, i.v. 
administration of a F(ab')2 of OC/TR BsAb, which has a relatively 
high affinity for human CD3e (10 8 M" 1 ) (Jacobs et al, 1997), 
induced a generalized in vivo activation with severe side effects 
(Tibben et al, 1993), which most probably originated from target 
cell-independent direct activation of T cells and subsequent release 
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Figure 5 - Stability of scFv fragments and diabody in human serum at 37°C The antibody fragments were incubated at 20 pg/ml in human 
serum at 37°C for the times shown. The CD19 and CD3 binding activity was assessed by flow cytometry using CD19 + /CD3~ JOK-1 and 
CD3 + /CD19" Jurkat cells. Activity of the samples at point zero was taken as 100%. 
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Figure 6 - Diabody-mediated lysis of CD19-positive B cells by activated human PBMC. The human CD19 expressing [ 5t Cr]-labeled target 
cell lines Raji (a) and Namalwa (b) were co*incubated with effector CTLs at different effector/target ratios for 4 hr. Percent cytotoxicity was 
calculated based on [ 5l Cr]-release in the presence of 2.5 ug/ml of parental scFvs, 0.25 ug/ml of diabody, 2.5 pg/ml of diabody or 2.5 ug/ml of BsAb 
OKT3 X HD37. 
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target tumor cells and significantly more weakly to the signal- 
transducing CD3e chain of the TCR/CD3 complex on effector cells 
may prove to have the most desirable properties. 

An analysis of the stability of antibody fragments in human 
serum demonstrated a significant difference between scFv-aCD19 
and scFv-aCD3. The present data confirm our previous observation 
v;*ttiat scFv derived from the hybridoma OKT3 and containing a 
Cys/Ser substitution in CDR-H3 has an enhanced stability (Kipriya- 
nov et al, 1991 b). A comparison of the stabilities of the diabody 
and the parental scFvs, performed here suggests a stabilizing effect 
of the anti-CD3 moiety of the diabody on the CD19-specific moiety 
and also an interdependent denaturation of the 2 binding domains. 

The bispecific diabody was able to induce an efficient lysis of the 
target cells by human CTLs. A comparison with a hybrid- 
hybridoma BsAb of the same dual specificity (Cs6ka et al, 1996) 
indicated that the diabody was even more potent in recruiting 
activated T cells for cytolysis of the target cells. The increased 



efficiency of the smaller diabody may be due to the closer 
proximity of the target cell and T cells connected by the diabody 
(Holliger era/., 1996; Perisic etal, 1994). 

The prohibitive cost of preparing bispecific antibodies with the 
quadroma technology has made it difficult to start clinical trials. 
Recombinant antibodies, on the other hand, can be produced 
cheaply in large quantities using high cell density fermentation of 
bacterial cultures (Horn et al, 1996; Zhu et al, 1996). Further- 
more, these smaller antibodies are less immunogenic due to the 
absence of constant domains. Consequently, we are now concentrat- 
ing on .the production of larger quantities of the diabody for testing 
in phase I clinical trials. 
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